Objectives: To study the body mass index (BMI) trajectory in patients with incident end-stage kidney disease and its association with all-cause mortality. Methods: This longitudinal cohort study included 17022 adult patients commencing hemodialysis [HD] (n510860) or peritoneal dialysis [PD] (n56162) between 2001 and 2008 and had $6-month follow-up and $2 weight measurements, using the Australia and New Zealand Dialysis and Transplant Registry data. The association of time-varying BMI with all-cause mortality was explored using multivariate Cox regression models. Results: The median follow-up was 2.3 years. There was a non-linear change in the mean BMI (kg/m 2 ) over time, with an initial decrease from 27.6 (95% confidence Conclusions: BMI changed over time in a non-linear fashion in incident dialysis patients. Time-varying measures of BMI were significantly associated with mortality risk in both HD and PD patients.
Introduction
Nearly two-thirds of the adult population in developed countries is either overweight or obese, defined as body-mass index (BMI) $25 kg/m 2 [1, 2] . High BMI is a risk factor for end-stage kidney disease (ESKD) [3] . Patients with ESKD receiving dialysis are no exception to the obesity epidemic [4] . In the USA, the mean BMI of incident ESKD patients has increased from 25.7 kg/m 2 in 1995 to 27.5 kg/m 2 in 2002 [4] , and to 28.9 kg/m 2 in 2007-2009 [5] . In the general population, obesity is associated with increased risks of all-cause and cardiovascular mortality [6, 7] . Therefore, weight loss therapy is recommended for people with BMI $30 kg/m 2 or BMI between 25 and 29.9 kg/m 2 with $2 absolute cardiovascular risk factors [8, 9] . However, there are currently no such treatment guidelines for ESKD patients receiving chronic dialysis for two main reasons. First, malnutrition is extremely common in dialysis patients and is a major risk factor of mortality [10] . Second, high BMI is associated with a survival advantage in dialysis patients [11] . The paradox of better survival with higher BMI has been well described in ESKD patients receiving hemodialysis (HD) [11] [12] [13] [14] [15] . The association between obesity and survival is less clear in ESKD patients receiving peritoneal dialysis (PD), with studies variably showing better [16, 17] , comparable [11, 18, 19] , or worse [14, 20] survival. Due to this conflicting evidence, except for severely obese patients who are waiting for kidney transplant surgery, it is largely unclear whether to recommend weight loss therapy to dialysis patients who are either overweight or obese. The studies evaluating BMI and mortality are based on a BMI value at baseline or at the commencement of dialysis therapy. Studies using follow-up measures of BMI (time-varying) are sparse in both HD and PD patients [12, [21] [22] [23] [24] [25] [26] [27] . Therefore, we examined the BMI trajectory and its association with all-cause mortality in incident ESKD patients on both HD and PD using data from the Australia and New Zealand Dialysis and Transplant (ANZDATA) Registry.
Methods
This longitudinal cohort study was undertaken in accordance with the STROBE (Strengthening the Reporting of Observational Studies in Epidemiology) Statement [28] years at the time of renal replacement therapy (RRT) commencement or did not complete at least 6 months on dialysis since commencement of RRT (due to death or recovery of kidney function or transplantation or follow-up,6 months) or underwent pre-emptive kidney transplantation. Patients with ,2 available followup measurements of weight or typographical error (for example, 9 kg instead of 90 kg) were also excluded. Final analysis included 17022 patients ( Figure S1 in S1 Information).
The ANZDATA Registry collects information on all patients receiving RRT from all renal units throughout Australia and New Zealand, and has been extensively used for clinical epidemiological studies [29, 30] . The data collection is conducted in accordance with the Australian Commonwealth Privacy Act and associated state legislation governing health data collection; and individual patient consent is not required for the registry data. The anonymity of patient information is maintained by the coding of data during compilation; only anonymized data is released by the registry to the researchers. The ANZDATA Registry has approved this study and the submission of this manuscript. The data were collected every 6 months until March 31, 2004 
Statistical analysis
The basic statistics on study variables were expressed as number (%), mean (SD) or median (IQR), as appropriate. The distributions of categorical and continuous study variables by two dialysis modalities were compared using x2 test and nonparametric Mann-Whitney U test, respectively. The BMI trajectory was constructed by plotting the mean (95% CI) of baseline and follow-up measures of BMI against time points. For the BMI trajectory analysis, data at the following time points during follow-up were utilized: baseline; 3-, 6-, 9-months; 1-, 1.5-, 2-, 2.5-, 3-, 4-, 5-, 6-, 7-and 8-years. These time periods were rounded to the nearest survey date of the ANZDATA Registry data collection. Complete case analysis with follow-up measures of BMI was conducted, and no missing data imputation was employed. Generalized Estimating Equation based multivariate regression models were used to compare the BMI trajectories. Multivariate Cox regression models were used to evaluate risk factors of all-cause mortality. To evaluate the association between follow-up BMI measures and all-cause mortality, BMI was used as a time-varying covariate. Other covariates used in the multivariate regression models were: gender, age, dialysis modality, ethnicity, cause of ESKD, smoking status, diabetes mellitus, chronic lung disease, coronary artery disease, cerebrovascular disease, peripheral vascular disease, and late referral. Due to estimation convergence problems, the time-varying dialysis modality could not be used, and a fixed dialysis modality variable (modality used at 90 days after commencement of RRT) was used as a covariate instead. Robust standard errors of the hazard ratios (HR) were estimated after adjusting for the effects of study centres as random effects. The ''proportional hazard'' assumption was tested using standard likelihood ratio test. Survival time was calculated from the date of commencement of RRT to the date of event or censoring. Survival analyses were censored for kidney transplantation, loss of follow-up, recovery of renal function or December 31, 2008.
Results

Patient characteristics
Baseline patient characteristics are described in Table 1 . Compared to those on PD, HD patients were more likely to be males, Caucasians, Aboriginals or Torres Strait Islanders, referred late to nephrologist before commencement of dialysis and to have comorbid conditions, including diabetes mellitus, chronic lung disease and coronary artery disease (Table 1) . PD patients had lower average weight and BMI values, and were less likely to have BMI .34 kg/m 2 compared to HD patients. Distributions of BMI groups according to the ethnicity and dialysis modality are described in Table S1 in S1 Information.
BMI trajectory in incident dialysis patients
The median follow-up time was 2.3 years (range: 6 months to 8 years) and the median number of weight measurements per patient was 4 with a range from 2 to 13 (See Table S2 in S1 Information). BMI changed over time in a non-linear fashion (Fig. 1) baseline BMI in the HD group was significantly higher by 1.6 kg/m 2 (95% CI: 1.4, 1.8, P,0.001) than the PD group, and the BMI trajectory in the HD group remained at a significantly higher level than the PD group throughout the followup period (Fig. 1) . Despite a significant difference in the baseline BMI, the patterns of non-linear change in BMI were similar in both groups. In PD patients, the average BMI at 1 year of follow-up was 0.4 kg/m 2 (95% CI: 0.2, 0.6) higher than the baseline level. However, in HD patients, follow-up BMI values were consistently below the baseline level.
Baseline BMI and all-cause mortality Table S3 in S1 Information for causes of death).
The baseline BMI was higher by 0.6 kg/m 2 (95% CI: 0.4, 0.8, P,0.001) in patients who remained alive than those who died. At baseline, the surviving cohort had higher BMI by 1 kg/m 2 (P,0.01) in HD patients (Fig. 2, panel A) . However, the baseline BMI was not different by mortality status in the PD group (Fig. 2, panel B) . Compared to the reference BMI category of 25-28 kg/m 2 at baseline, all categories of BMI ,25 kg/m 2 were associated with increased mortality risk for all dialysis patients (Table 2) . However, the risk estimates were not consistent between the HD and PD groups. Higher baseline BMI was associated with significantly lower mortality risk for HD patients with BMI between 28 and 37 kg/m 2 . The mortality risk was significantly higher in the PD group with BMI 34-37 kg/m 2 .
Time-varying BMI and all-cause mortality
The BMI trajectory was significantly higher on average by 1.22 kg/m 2 (95% CI: 1.2, 1.3) in those who remained alive compared to those who died. The BMI trajectories in HD and PD patients who survived were higher on average by 1.5 kg/m 2 (95% CI: 1.4, 1.6) and 0.5 kg/m 2 (95% CI: 0, 0.6), respectively, than those who died. The adjusted risks of mortality associated with different categories of time-varying BMI for all patients and separately for dialysis modality are presented in Table 3 
Discussion
This large registry study showed that BMI changed over time in a non-linear fashion in incident dialysis patients. Although the patterns of non-linear change in BMI were similar in HD and PD groups, the average BMI in PD patients at 1 year of follow-up was slightly higher than the baseline level. Time-varying measures of BMI were significantly associated with mortality risk in both HD and PD patients. High BMI is a risk factor for ESKD and the prevalence of obesity is increasing among ESKD patients needing dialysis [3] . Most of the studies evaluating the association between BMI and mortality have used a single BMI value at baseline. Few studies have assessed follow-up measures of BMI or weight [12, [21] [22] [23] [24] [25] [26] [27] . Using data from a large dialysis provider, Kalantar-Zadeh and colleagues reported a significantly increased mortality risk in HD patients with time-varying BMI values below the reference category of 23 to 25 kg/m 2 and a decreased mortality risk with high BMI categories, including very high BMI values of .45 kg/m 2 [12, 21, 22, 25] . Kotanko and colleagues observed a marked decrease in body weight in 3 months preceding death in HD patients [26] . Using serum creatinine as a surrogate for muscle mass, decline in muscle mass was a stronger predictor of mortality than weight loss [25] . The patient characteristics from these studies were different to those from our study. First, the previous studies included prevalent dialysis patients that may have led to the introduction of selective survival bias [31] . Second, the ethnic compositions of the cohort were different as our study predominantly included Caucasian patients. Third, except one [27] , all studies included patients receiving HD only. Previously reported analyses of the effect of intra-individual change in (gain or loss of) BMI or weight over time on mortality could have been affected by regression to the mean [32] and an incorrect assumption of linear and unidirectional change of weight.
A key strength of our study was the inclusion of all incident adult ESKD patients receiving both HD and PD. The initial decrease in BMI in the first year of starting dialysis could be due to the excess burden of illness that these patients experience at the time of reaching ESKD necessitating dialysis. Indeed, mortality is highest in the first year of starting dialysis with reported rates ranging from 17.5% to 25% [5, 33] . Due to the absence of data on the assessment of volume status, we could not differentiate between weight loss due to fluid removal and true weight loss. Subsequent weight gain could be due to improved appetite and nutrition once patients are stabilised on dialysis therapy. As with HD patients, there was an increased risk of mortality in PD patients with lower time-varying BMI. In contrast, the survival benefit associated with high BMI in PD patients was limited to the time-varying BMI category of 28 to 31 kg/m 2 . There were no significant differences in the risk estimates for time-varying BMI up to 37 kg/m 2 , although a trend of increasing mortality risk was observed that achieved statistical significance for the time-varying BMI category of 37 to 40 kg/m 2 . This discrepancy in mortality risks between the two dialysis modalities at higher BMI values may be due to differential development of abdominal obesity, which is in turn associated with increased mortality in ESKD patients [34] . Visceral fat mass increases by 11-23% within 1 year of initiating PD, probably due to the metabolic consequences of intraperitoneal administration of glucose-containing PD solutions [35] [36] [37] . In contrast, increases in visceral fat mass are generally not observed in HD patients [38, 39] . Importantly, our study demonstrated that the average BMI at 1 year of follow-up was higher than the baseline value in PD patients, but lower in HD patients. We did not observe an increased mortality risk in PD patients with time-varying BMI .40 kg/m 2 , possibly due to small patient numbers (95 patients).
A major limitation of our study was that BMI does not distinguish fat mass from lean mass, especially in patients with muscle wasting [40] . Furthermore, BMI does not reflect body-fat distribution. Given that fat distribution varies substantially across various ethnic backgrounds at the same level of BMI, BMI is not an ideal surrogate of fat mass [41] . The ANZDATA Registry does not collect data on other anthropometric measures, body composition, laboratory indices of nutrition and inflammation, hospitalizations or cardiovascular events. The accuracy of reported data on dry-weight could not be validated as data on the assessment of volume status are not collected. One common limitation with survival regression models incorporating time-varying covariates is the difficulty to identify the non-linearity of the time-varying covariates. However, given the observed BMI trajectory, the hazard estimates obtained through the weighted Cox regression models should be sufficiently robust. Other limitations of our study include adjustment for a limited number of baseline variables and variable frequency of weight reporting. Patients with less than 6 months follow-up on dialysis were excluded, potentially leading to bias. Since our study predominantly included Caucasian patients, the results of this study may not be generalizable to patient populations with different ethnic compositions.
Considering the obesity epidemic in ESKD, the results of our study have important clinical and research implications, despite its limitations. The finding of a non-linear change in BMI, especially in the 1 st year of starting dialysis, suggests that particular attention should be paid by clinicians to optimising nutritional intake in this early period in the hope of preventing early weight loss and heightened early mortality. Prospective studies are required to understand the dynamic association between BMI and abdominal obesity in dialysis patients and its variation according to dialysis modality. Randomised clinical trials are required to study the effect of nutritional interventions on BMI and important clinical outcomes, such as quality of life and mortality. Finally, research evaluating the effects of glucose-sparing PD regimens on visceral fat mass and patient outcomes is needed.
In conclusion, BMI changed in a non-linear fashion in incident dialysis patients. Time-varying measures of BMI were significantly associated with allcause mortality risk. Lower time-varying BMI categories were associated with increased mortality risk in both HD and PD patients. Higher time-varying BMI categories were associated with decreased mortality in HD patients, but not in PD patients.
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